Abstract-This paper presents a varactor-tuned miniaturized hairpin tunable filter employing single control voltage. The proposed tunable filter is designed and fabricated with the constant ratio rule in which the capacitances of the each stage maintains a constant ratio without any dependency on the miniaturized electrical length. As a result, the filter can be tuned with the reserved equivalent condition using a single control voltage. To show the validity of the proposed method, a third-order 0.5 dB ripple Chebyshev filter with a center frequency of 900 MHz and a fractional bandwidth(FBW) of 10% was designed and fabricated. The measured center frequency of the fabricated filter is changed from 606 MHz to 944 MHz, 338 MHz with the single control voltage from 0.5 V to 4 V. Expect of slight change of the bandwidth, the measured filter characteristics are well reserved with the various control voltage.
I. INTRODUCTION
With the explosive growth of various modem wireless communication services, the performance of radio frequency (RF) and microwave filters is being emphasized more and more. In addition, with increasing demands of multi-mode multi-band wireless communication systems, flexible tuning characteristic becomes an important requirement of the RF filters. Mechanically tunable filters based on mechanical adjustment of resonator dimensions [1] - [3] and varactor tuned filters based on variable capacitance of a diode [3] - [5] are most popular examples of modem tunable filters. Mechanically tunable filters show excellent insertion loss characteristics. However, their tuning speed is very slow due to its mechanical nature. Even though, the loss characteristics of varactor tuned filers are not as good as those of mechanically tunable filters, the varactor based tunable filters have inspired a great deal of interest due to their advantages of small size as well as fast tuning speed.
However, to reserve the constant characteristics with various tuning frequency bands, several control voltages are generally required to meet the equivalent condition of each resonator [6] , and it makes tunable filters complicated and bulky. This paper proposes a varactor-tuned tunable filter with a single control voltage based on the straight-forward miniaturization method presented in [7] . In this paper, the constant capacitance ratio of each capacitor is derived, and a simple miniaturized tunable filter design methodology is proposed. With the proposed method, the impedance characteristics of each resonator section always meet the equivalent condition. As a result, the center frequency of the miniaturized tunable filter can be tuned by changing the capacitance of each resonators with single control voltage. So Fig. 1 with the previous miniaturization method [7] . To obtain more accurate equivalent condition in terms of bandwidth and passband ripple, the capacitances (C) and characteristic impedances (Z 'e, Z0OO) of the miniaturized coupled line can be calculated with the modified design equations as followings [8] : ( 1 1) 'JJ The equations (10) and (11) mean that the new resonance frequency c' can be tunable with the variable capacitance C and fixed physical length of the coupled line. Finally, the new (4) design equations of the capacitances for the tunable filter can be calculated with the equations (6) - (8) and (10) as followings:
(5)
Where, ZO is the reference impedance, or 50 -, and CO, C", and CN±1 are the capacitances of each stage for miniaturization.
The c0 in the equations (1) - (8) is the frequency, at which the electrical length (0 ) of the conventional coupled line is A/4 (or 90°) long, and the center frequency of the conventional and miniaturized filters. At this frequency, the miniaturized coupled line with arbitrarily miniaturized electrical length 0', which is not A/4, also resonates with the carefully calculate capacitance C by the equation (3) . The equations (1) to (8) also mean that the resonance frequency can be further tuned with the fixed physical length of the coupled line with variable capacitance. The resonance condition of the miniaturized coupled line with the variable capacitance as shown in Fig. 1 is that the phase of S21 is ;T/2, or Y1I and Y22 are 0. This resonance condition is defined with the equations (3) and (6) However, if the electrical lengths of each stage are minimized to the same length, the capacitances for the miniaturization becomes arbitrary ratio, which is not a natural number as summarized in TABLE I, and it is not straightforward to realize this type of tunable filter. So, the electrical lengths of each stage are calculated with the inverse equations of the equations (6) - (8) . The calculated even-and odd-mode characteristic impedance and capacitances are summarized in the Table II . In this case, the ratios of the capacitance of each stage with the capacitance of the first stage (C,=Co) are 1:2:2:2:1. Thus, it is relatively easy to realize the tunable filter with just one or two varactor diodes with 2.6 pF of diode capacitance (Cdiode) for each stage. As a result, the third-order miniaturized tunable filter can be realized with 8 identical varactor diodes with a single control vias.
The simulated result for the filter defined in TABLE II is shown in Fig. 2 along with those of the conventional version. Ideal coupled lines in the commercial circuit simulator [10] are used for all designs, without any further optimizations. As shown in the Fig. 2(a) , the conventional and the miniaturized filters with various lengths reveal nearly identical passband ripples with slightly different skirt characteristics outside of the passband. The capacitance of the varactor diode (Cdiode) is 
